Background and purposes: Carbon ion radiotherapy (CIRT) with raster scanning technology is a promising treatment for lung cancer and thoracic malignancies. Determining normal tissue tolerance of organs at risk is of utmost importance for the success of CIRT. Here we report the relative biological effectiveness (RBE) of CIRT as a function of dose and fractionation for development of pulmonary fibrosis using well established fibrosis index (FI) model. Materials and Methods: Dose series of fractionated clinical quality CIRT versus conventional photon irradiation to the whole thorax were compared in C57BL6 mice. Quantitative assessment of pulmonary fibrosis was performed by applying the FI to computed tomography (CT) data acquired 24-weeks post irradiation. RBE was calculated as the ratio of photon to CIRT dose required for the same level of FI. Further RBE predictions were performed using the derived equation from high-linear energy transfer biologically effective dose (high-LET BED) model. Results: The averaged lung fibrosis RBE of 5-fraction CIRT schedule was determined as 2.75 ± 0.55. The RBE estimate at the half maximum effective dose (RBE ED50 ) was estimated at 2.82 for clinically relevant fractional sizes of 1-6 Gy. At the same dose range, an RBE value of 2.81 ± 0.40 was predicted by the high-LET BED model. The converted biologically effective dose (BED) of CIRT for induction of half maximum FI (BED ED50 ) was identified to be 58.12 Gy 3.95 . In accordance, an estimated RBE of 2.88 was obtained at the BED ED50 level. The LQ model radiosensitivity parameters for 5-fraction was obtained as a H = 0.3030 ± 0.0037 Gy . These findings will assist to eliminate current uncertainties in prediction of CIRT induced normal tissue complications and builds a solid foundation for development of more accurate in-vivo data driven RBE estimates.
Introduction
Charged particle therapy has emerged as a promising treatment for a growing number of malignancies [1] [2] [3] . This field is rapidly growing and a number of heavy ions therapy facilities are expected to be installed worldwide [4] . Owing to the physical and radiobiological advantageous, carbon ion radiotherapy (CIRT) is particularly appealing for treating radio-resistant, hypoxic cancers [5] , i.e., non-small cell lung cancer (NSCLC) [6, 7] . For early stage NSCLC, Miyamoto et al. reported a 5-year local control (LC) rate and overall survival (OS) of 50.0% and 94.7% following a hypofractionated regimen of CIRT [8] ; a 5-year LC and OS of 90% and 45% by a 1-week regimen [9] , and of 95.8% and 30.7% for patients aged 80 + year-old [10] . A recent study showed also the promise of CIRT for locally advanced NSCLC (stage II-III), with the 2-year LC and OS were 93.1%, and 51.9%, respectively [11] .
The enhanced relative biological effectiveness (RBE) for tumor eradication by high linear energy transfer (LET) particle beams may be also accompanied with an increased risk for normal tissue complications. The high radiosensitivity of the lung constitutes a critical dose-limiting factor in radiation treatment of thoracic tumors [12, 13] . A variety of pulmonary reactions can be observed after CIRT, e.g., radiographic lung damage, pleural reactions, pneumonitis or fibrosis [14, 15] . This was also evident in preclinical models after whole body irradiation with plateau level LETs ($14.55 keV/lm) [16] . Studies by Hayashi et al. reported that lung volume received a dose as low as 5 Gy (V 5 ) was able to predict ! grade 2 radiation pneumonitis (RP) in patients treated with CIRT for locally advanced NSCLC [14] . The conception of RBE allows the comparison of CIRT with conventional photon (X-ray) irradiation at an iso-effective endpoint [17] . In order to improve the clinical safety and effectiveness, a better understanding of RBE for CIRT effects on normal tissue is an important area of research [18, 19] .
The biological effects of high precision raster scanning particle therapy with carbon-ions ( 12 C-ions) in the lung are not well characterized. Especially, considering that RBE for heavy ions depends on a variety of physical (i.e., LETs, dose level) and biological (i.e., tissue types, different endpoints) properties [20] . No data are available on RBE of clinical quality CIRT with respect to normal lung tissue response in vivo. Current uncertainties in RBE values for CIRT need to be addressed urgently by preclinical models [21] . On the basis of our recently established non-invasive CT based fibrosis index (FI) model [22] , the present study aimed to determine the RBE of fractionated carbon-ions in development of late lung toxicity, within a clinically relevant fraction size of 1-6 Gy. The capacity and reliability of high-LET biologically effective dose (BED) model in prediction of RBE was further investigated. This work was conducted in frame of German Research Foundation (DFG) ''clinical research group heavy ion therapy (KFO-214)" in collaboration between the project TP5 and the central platform (ZP1).
Materials and methods

Irradiation and animals
Female C57BL/6 mice (Charles River Breeding Laboratories, MA) aged between 8 and 10 weeks were irradiated with carbon-ions or photons beams in the region of the thorax. Particle irradiations were performed at the Heidelberg Ion-Beam Therapy Center (HIT). Carbon-ions ( 12 C-ions) were applied at the spread-out Bragg peak (SOBP, 252.400-270.550 MeV/u, the width of the SOBP = 23 mm) with linear energy transfer (LET) = 70-157 keV/ mm (mean at 86 keV/mm) to the thorax of mice. The detailed setup for particle irradiation is provided (Fig. 1) . Briefly, ten anesthetized mice were placed in a specially constructed Polymethylmethacrylat (PMMA) holder for immobilization and irradiated simultaneously. The particle dosing in lung was homogenous as verified by the entrance and exit filmes (Kodak EDR2). There were two independent irradiation arms: the five fractions (5-fx) arm of: 0, 1, 2, 3 and 4 Gy per fraction, for consecutive 5 days; the single fraction (1-fx) of: 0, 10.5, 12.5, 14.5, 17.5 and 20 Gy. Each dose group contained 12 randomly grouped mice. The reference photon irradiation data was utilized from our previous report [22] . In brief, each mouse received whole thoracic X-ray irradiation delivered by a 6 MeV Artist Linac (Siemens, Germany) at a dose rate of 3 Gy/min. Dosimetry was used to confirm the dose uniformity in advance. Prior to thoracic irradiation, mice were anaesthetized by an intraperitoneal application of 0.36 ml/kg Rompun 2% (Bayer HealthCare) and 0.54 ml/kg ketamine 10% (Pfizer). The doses for photons irradiation arm were 0, 2, 4, 6, 7, 8.5 Gy per fraction for a total of 5 fractions. All animal work was approved and performed in compliance with rules outlined by the local and governmental animal care committee instituted by the German government (Regierungspraesidium, Karlsruhe).
Assessment of lung fibrosis by computed tomography (CT)
Lung fibrosis was measured by quantitative CT imaging at the endpoint of 24 weeks post irradiation. The detailed parameters for low-dose CT scanning has been reported previously [22] . CT images were reconstructed and analyzed with Medical Imaging Interaction Toolkit software (MITK, Heidelberg) and OsiriX Imaging Software (OsiriX v.3.9.4, Switzerland). The three-dimensional (3D) analysis of CT data as well as the differential diagnosis of combined pulmonary fibrosis and emphysema syndrome (CPFE) was also provided elsewhere [22] . In brief, the fibrosis index was employed to assess the extent of fibrosis as the major endpoint. The FI model is based on two critical parameters derived from CT segmented data: the relative increase in mean lung density (DHU) and decreased lung volume (DV) when compared to the mean of an age-matched reference mice cohort. Biologically, the augmented DHU is an overall representation of collagen deposition and increased cellularity; whereas DV reflects the nature of fibrosis as a constrictive lung disease. The extent of fibrosis was determined quantitatively by a fibrosis index based on averaged quantities of DHU and DV from the cohort as:
2.3. Dose-response and RBE modeling
The dose-response relationship between fibrosis development (fibrosis index) and irradiated doses were obtained based on FImodel as previously reported [22] . In brief, both carbon ions and photons irradiated arms were fitted by a modified probit model derived from Kallman et al. [23] using OriginPro 8.0 and Mathematica Software 9.0.
where A is the saturation constant for maximal development of fibrosis measured experimentally to be 7.20 (equal to 100% fibrosis), serving to quantize all FIs. c is the maximum value of the normalized dose-response gradient. In this deterministic model, ED 50 is interpreted as the dose where the whole population experiences an average 50% increase of the FI (FI = 3.60) relative to maximum possible effect (FI = 7.20).
Charged particle beams deposit intensified energy in a more localized form compared to megavoltage X-rays. The biological consequences of this are determined in terms of relative biological effectiveness (RBE). RBE is defined as the ratio of absorbed dose of a reference beam of photons to the absorbed dose of any other high-LET radiation, resulting in an identical effect [17] . In present study, the iso-effect is considered as the same level of fibrosis index achieved by paired fractionated doses from photons (d L ) versus carbon-ions (d H ) for RBE estimation (the subscripts L and H refer to low-and high-LET radiations respectively). The setup for precision mice thorax irradiation by high-LET carbon-ions irradiation. Mouse was immobilized in a specially designed polymethylmethacrylate (PMMA) holder for whole thoracic irradiation. The beam field was shown as highlighted rectangle in yellow color. The delivered dose to the lung was at the spread-out Bragg peak (SOBP) of carbon-ions as demonstrated by the experimental sketch. The homogenous and conformal particle dosing in the lung was verified by the entrance and exit films with rare scattering doses. The back film (#2) also evidenced that the lung was entirely covered with carbon-ions independent of breath motions. The irradiated region was eventually evidenced with white hair at the endpoint of 24 weeks, which was in consistent to the treatment plan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
RBE prediction by high-LET BED model
According to the linear-quadratic (LQ) model, radiation effect (E) from low-LET radiation can be expressed as:
where n L is the number of fractions and d L is the fractionated dose.
In high-LET radiation the resultant biological effect (E) is dominated by the linear term (a-coefficient of cell kill, a H ) rather than the quadratic compartment (b H ) [24] . Thus the value b L might be considered as a negligible level (b-coefficient does not alter very much) and the expression for E L becomes:
To achieve iso-effective biological effects Eqs. (3) and (4) 
The maximized RBE (RBE max ) can be achieved at very low dose level as [25] :
Giving the definition of RBE, using Eqs. (6) and (7) we have the predicted RBE as:
Provided that the low-LET a/b values for both single-and fivefractions photons irradiation on normal lung tissue are calculated [22] , RBE may be therefore determined based on d H and RBE max .
Fibrosis development and BED H
An asymptotic minimum value of RBE (RBE min ) can be approached at extremely high fractional doses [25] . Refer to this dose range, the biological effect (E) for individual low-or high-LET fractions is determined by the quadratic compartment (bcoefficient alters with changing LET). Hence, for an iso-effect between high-LET carbon-ions and low-LET photons,
L are considered to be equal. Herein, it gives rise to the RBE min as [26] :
According to the conception of biologically effective dose (BED) [27], we have:
By substitutions from Eqs. (7) and (9) into Eq. (10), the BED for high-LET radiation can be derived as [25] :
The fibrosis index was also simulated as a function of BED H doses by sigmoidal fitting as:
where ED 50 of BED H doses (BED ED50 ) was derived as the parameter LOGx0.
LQ modeling of fibrosis dose-response data
To estimating the radiosensitivity coefficients of fractionated carbon ions, the FI data was transformed with the natural logarithm (exp(-FI)) and fitted into the linear-quadratic (LQ) model [28] . Briefly, the fibrosis index (FI) representing delta degree of fibrosis vs. non-irradiated control lung and was inverted to represent the relative fraction of ''healthy lung tissue" in analogy to the survival fraction. The curves were generated by an exponential function where the inverted fibrosis index (-FI) values were plotted against ''total dose" and fitted into the equation of LQ model as:
where the ''survival fraction" was replaced by ''healthy lung tissue fraction". Lungs irradiated with 0 Gy C-ions or photons developed no pulmonary fibrosis (FI = 0), corresponding to the coordinate (0, 0) in Fig. 2 . Accordingly, in the context of LQ modeling, applying natural logarithm of 0 results to 1 (exp(0) = 1). A coordinate at (0, 1) thus stands for no fibrosis was measured at the 0 Gy irradiated lung. The Y-value (exp(-FI)) decreases corresponding to the loss of functional lung tissue with dose-dependent induction of fibrosis (X-value increase) with the exponential decay function of LQ model. The reference photon data (1-and 5-fractions) was published in our previous report as the basis for dose-response modeling of carbon ion effects [22] . All data in the present study is presented as mean ± SD.
Result
Dose-response curves and fibrosis ED 50
The dose-response curves of 5-fractionated carbon-ions versus photons using FI-model is shown (Fig. 2) . The radiation effect curve of carbon-ions (c = 0.67 ± 0.1, Adj. r 2 = 0.98) was clearly left-shifted compared to photon fractionation. The fibrosis ED 50 (effective dose C-ions is shown as black squares and photons beam is in gray circles.
for 50% fibrosis or FI = 3.60) for fractionated carbon-ions was as low as 9.83 ± 0.34 Gy, in comparison with the previously reported 27.7 ± 1.22 Gy for photons [22] . This indicated a substantial enhancement of normal lung tissue radiosensitivity to carbon-ions.
Experimentally derived RBEs
To investigate the variation of RBE values with different fractional carbon-ions dose, experimentally derived RBE was estimated (Fig. 3) . Within the clinically relevant dose range of 1-6 Gy per fraction (in total of 5-30 Gy), the RBE was determined as 2.75 ± 0.55. Further, the estimated value of RBE at the ED 50 level was 2.82; whereas the RBE after 2 Gy fractionated dose was 2.80.
Comparison of RBE prediction based on High-LET BED model versus experimental data
Predictions of RBE using derived equation from high-LET biologically effective dose (BED) model were also carried out (Fig. 3) .
First, a/b ratio from single fraction photon reference irradiation (a/b L = 4.49 [22] ) was utilized for simulation of RBE based on the High-LET BED model (Fig. 3, blue curve) . The averaged RBE was hence obtained as 2.94 ± 0.41. Next, an a/b L of 3.95 from fivefraction photon irradiations [22] was employed (Fig. 3 , green curve) and the averaged RBE was determined as 2.81 ± 0.40. Within the fractional dose range of 1-6 Gy the estimated RBE profiles by high-LET BED model correlated well with experimentally obtained RBEs (Fig. 3, black curve) . RBE simulations using 5-fx specific a/b L were closer to the experimental RBE profiles, indicating that high-LET BED based RBE prediction is sensitive to precise estimation of the a/b L value.
BED H dose-response of fibrosis development
In order to study dosimetric dependency for fibrotic responses, the fractionated carbon ion doses were converted to biologically effective doses (BED H ) using a/b L of 3.95. The dose-response relationship between fibrosis development and BED H is shown (Fig. 4) . The BED dose at ED 50 (BED ED50 ) was identified to be 58.12 Gy 3.95 . On the other hand, the value of RBE tended to reduce with BED H . In accordance with previous results, an estimated RBE of 2.88 was obtained at the BED ED50 level. The dependency of RBEs on BED H was also provided (Table 1) .
Estimation of a-, b-coefficients from LQ model
To study carbon-ions dose and fractionation effects on the normal lung tissue, fibrosis index data was further fitted into linear-quadratic (LQ) model ( 
Discussion
Carbon ion radiotherapy (CIRT) is an emerging treatment for many malignancies [4, 29] . Current clinical evidence indicates that CIRT has possible advantages over state-of-the-art photon or proton therapy in radio-resistant tumors [4] . Nevertheless, the potential advantageous of the high relative biological effectiveness (RBE) of CIRT to ablate tumors must be weighed against the potential risk of increased late normal tissue damage [21] . The prescribed CIRT dose to patients is converted from the photon physical dose by using an RBE weighting factor leading to GyRBE or Gy Equivalent dose estimates [30] . If RBE is inaccurately assigned to different tissues and tumors, there will be an inevitable under-or over-dosage to the patients [31] . Current uncertainties in RBE values for CIRT need to be urgently addressed by comparing dose effects on normal tissues treated with particle beams versus photons. By integration into treatment planning algorithms, these in-vivo data driven RBE can be further tested in prospective clinical trials and eventually facilitate precision CIRT [21] .
Lung is widely considered as a dose-limiting normal tissue in radiotherapy [12, 32] . In particular, breath motions during the treatment may expose normal tissue to the high-LET therapeutic dose component. A better understanding of the effects of high-LET radiation on this tissue type is therefore essential for the . The dose-dependency of RBE with reference to increasing BED H was also revealed (shown as red circles). BED H for carbon-ions resulting in half maximum fibrosis (BED ED50 ) was estimated as 58.12 Gy; whereas RBE at this BED ED50 level was estimated as 2.88. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
optimized application of carbon ion in thoracic radiotherapy. However, studies in lung RBE so far are based mainly on in vitro assays of mammalian cell lines, with a focus on clonogenic survival capacity or cell inactivation. RBE derived from those cellular parameters should be used with caution for clinical endpoints, since in vitro readouts may not fully represent the tissue response and additional uncertainties may therefore occur [30] . To our knowledge, the present study is among the first to determine RBE of carbon-ions on the lung tissue in vivo. The biological fibrosis endpoint fibrosis is of clinical interest and was obtained at the late timepoint of 24 weeks following fractionated irradiation. It mimicked the inflammatory development and progressive tissue remodeling as observed in patients with chronic normal tissue response to radiotherapy. The investigated dose range in the present study is also relevant to clinical routine with doses per fraction in the range of 1-6 Gy. The lung tissue tolerance is elevated when exposed to fractionated megavoltage radiotherapy as evidenced preclinically e.g. by our previous study [22] or clinically from a series of important reports [33] [34] [35] [36] [37] . The radiobiological rationales behind this phenomenon are well recognized as a substantial amount of dose recovery (e.g., due to repair of sub-lethal damage and repopulation) occurs during a protracted treatment period, such as photon based treatments over 6-7 weeks [32] . However, the conditions for high-LET radiation carbon ions are quite different due to the higher radiosensitivity and reduced repair capacity, as well as the shorter treatment times. Our data implies that the lung recovery capacity to carbon-ions is remarkably lower and little to no normal tissue sparing effects are found after fractionated doses. These findings, at least to some extent, support the use of hypofractionated carbon ion to non-small cell lung cancer (NSCLC) patients as administered in NIRS [4, 38, 39] and HIT [40] .
The precise prediction of RBE for carbon ion by a reliable biological model is yet to be realized. The situation is complex since RBE varies with LET, tissues type, dose per fraction, different endpoints, etc. A direct comparison of RBE between experimentally derived and high-LET BED model predicted values was performed in this study. Our data reveal that high-LET BED model underestimates the RBE effect at the very low dose range (<1 Gy per fraction). Good prediction of RBE is found within the relevant dose range (1-6 Gy per fraction). Using the 5-fraction specific a/b ratio, an estimated RBE of 2.81 ± 0.40 was found in an agreement with the experimental (Table 1) . Potential limitations have to be appreciated in the present study. The modeling of RBE was based on the implementation of non-invasive CT scanning and proposed fibrosis index algorithm. A comprehensive scoring criterion integrating not only radiologic, but also functional, histopathological and molecular assessments to define a sophisticated tissue response may lead to a more accurate and reliable RBE calculation. It is also of particular attention that the organ interactions after concomitant irradiation of the heart might reduce the tolerance of the lung to carbon-ions [42, 43] . The dose-fractionation schemes for both carbon-ions and photon irradiation included in this study are limited. Uncertainties may lie in the very low-and/or high-dose range for RBE estimation. The prediction range and accuracy can be further improved if more fractionated regimens are applied in the future studies. Finally, investigations in different animal models varying in sensitivity for development of fibrosis and most ideally comparison of data driven RBE models with prospective clinical data would be of high relevance.
With the increasing availability of heavy ion therapy for a wide range of malignancies, the biological characterization of cellular and tissue responses to carbon-ions and conventional photon irradiation is urgently needed [44] [45] [46] [47] . The current study utilized a well-established preclinical radiation induced lung fibrosis model combined with a quantitative CT-based Fibrosis Index (FI) as the endpoint for estimation of RBE. The averaged RBE was determined experimentally as 2.75 ± 0.55, whereas the RBE ED50 was estimated at 2.82 within a clinically relevant fraction size of 1-6 Gy. Taking the advantage of the high-LET BED conception, we proposed in present study a novel way to modeling RBE by integrating RBE max and a/b L (refer to Eq. (9)). Based on this model, averaged RBE was predicted as 2.81 ± 0.40, which is in a good agreement with experimental observations. The high-LET BED model is evidenced to predict robustly the RBEs in the same dose range. However, uncertainties in estimation of the a/b L impacts the precision of high-LET BED based RBE prediction. Together, our findings will contribute to the precise knowledge of RBE as well as the fractionated dose effects of carbon ion therapy on normal lung tissue.
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